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Density of vibrational statesNon-heme iron is a conservative component of type II photosynthetic reaction centers of unknown function.
We found that in the reaction center from Rba. sphaeroides it exists in two forms, high and low spin ferrous
states, whereas in Rsp. rubrum mostly in a low spin state, in line with our earlier ﬁnding of its low spin state
in the algal photosystem II reaction center (Burda et al., 2003). The temperature dependence of the non-
heme iron displacement studied by Mössbauer spectroscopy shows that the surrounding of the high spin
iron is more ﬂexible (Debye temperature ~165 K) than that of the low spin atom (~207 K). Nuclear inelastic
scattering measurements of the collective motions in the Rba. sphaeroides reaction center show that the
density of vibrational states, originating from non-heme iron, has well-separated modes between lower
(4–17 meV) and higher (17–25 meV) energies while in the one from Rsp. rubrum its distribution is more
uniform with only little contribution of low energy (~6 meV) vibrations. It is the ﬁrst experimental
evidence that the ﬂuctuations of the protein matrix in type II reaction center are correlated to the spin
state of non-heme iron. We propose a simple mechanism in which the spin state of non-heme iron
directly determines the strength of coupling between the two quinone acceptors (QA and QB) and fast
collective motions of protein matrix that play a crucial role in activation and regulation of the electron and
proton transfer between these two quinones. We suggest that hydrogen bond network on the acceptor
side of reaction center is responsible for stabilization of non-heme iron in different spin states.yll; BChl, bacteriochlorophyll;
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Several types of metal centers, such as Mg, Fe and Mn, are
intrinsically involved in photosynthesis, a fundamental biologicalprocess [1,2]. Magnesium, present in chlorophylls (Chls) and
bacteriochlorophylls (BChls), functions mainly as a structural element
(via coordination), which, as the main block metal, does not perturb
the electronic structure of the photochemically active pigment-
protein complexes [3]. Redox active transition metals Fe and Mn
serve as electron carriers but their functioning undergoes strong
modulation by the immediate environment. For instance, Fe can act
either as an electron/group transfer center or a coordination center.
The former activity is found in enzymes which contain heme iron
(HFe) as a cofactor [1,4,5] whereas the latter one involves e.g. non-
heme iron (NHFe), a conservative component of type II photosyn-
thetic reaction centers (RCs) inwhich its role is still open to discussion
[6–14]. Interestingly, other metal ions, such as Cd2+ or Zn2+, can be
bound to type II RC in a stoichiometric ratio 1:1 andmay inﬂuence the
rate of proton transfer to the reduced ubiquinone QB [15,16].
The cofactors of electron transfer (ET) in the RCs from purple
photosynthetic bacteria are arranged symmetrically in two branches,
A and B, with the NHFe localized between the two ubiquinones (QA
and QB) sites. Due to sequence homologies and similarities in folding,
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by the L and M subunits, but the H subunit, which stabilizes the RC
complex, breaks this symmetry [8]. Despite a very symmetric
arrangement of the ET cofactors, only the A branch is active in
photosynthetic charge separation in native systems [17,18]. The
efﬁciency, rate of primary charge separation and its pathways in RCs
critically depend on the distances, speciﬁc arrangement and electronic
properties of the cofactors, which are strongly determined by protein
matrix [19–22]. The mechanism and regulation of photosynthetic ET
have long been a subject of intensive studies but because of the
number and complexicity of subtle interactions involved, it is still
unclear how exactly the protein matrix exerts its control over the
properties of the ET cofactors [19–30]. The temperature dependence
of ET steps and the role of NHFe in photosynthetic charge separation
are among themost challenging issues [31–39]. Intriguingly, QA in RCs
from various organisms remains fully active at cryogenic tempera-
tures whereas ET from reduced QA to QB slows down at temperatures
below 200±20 K [11,31–36,40–46]. This phenomenon, predicted also
theoretically [47], suggests that perhaps some intrinsic ﬂexibility in
the protein matrix in the vicinity of the QA–Fe–QB complex is required
for efﬁcient ET to the acceptor side. This is in line with the fact that
thermal ﬂuctuations of proteins among different conformational
arrangements, with the time constants of relaxations from picose-
conds to seconds, strongly affect rates of ET in donor–acceptor pairs
[34,36,44,48–51]. Furthermore, both fast and slow collective motions
of the protein matrix in RCs type II, activated at TN180 K, seem to be
crucial for the protonation and deprotonation events accompanying
ET within the QA–Fe–QB complex [52–61]. To this end, it is not clear
whether NHFe plays any structural role in stabilization of the QA and
QB binding sites and/or it is actively involved in the primary ET. The
latter activity of NHFe would imply changes in its valence state,
virtually never observed, although a low spin (LS, S=0) state of NHFe
was detected in PSII from algae PSI- mutant [41]. In these PSII-
enriched thylakoids, also it was observed that α-tocopheroquinone
and Cu2+ ions caused the conversion of NHFe into a new diamagnetic
ferrous state [41,62]. This suggests that decoupling of NHFe from
semiquinone QA⋅− as observed by electron paramagnetic resonance
(EPR) signal having a g-value of 2.0045±0.0003 characteristic for a
semiquinone molecule [63,64] may result from the presence of NHFe
in the diamagnetic state. Also our studies on RCs from Rba. sphaeroides
showed that Cu2+ ions do not displace NHFe in its binding site but
convert it from a high spin (HS, S=2) state to a LS one [65,66]. This
means that Cu2+ cannot displace NHFe if it is not removed earlier
form its binding site but copper is localized at other sites which
inﬂuence the ﬁrst coordination sphere of NHFe. The EPR studies using
Cu2+ ions as a paramagnetic probe showed that there seem to be at
least two Cu binding sites near the acceptor side of RCs, one in a close
proximity to NHFe and another at a more distal position [67,68]. This
suggests that different spin states of NHFe are regulated by a
hydrogen bond network, what is in agreement with the effects of
Cu2+, Zn2+ and Cd2+ ions on the proton uptake to the QB site, as
attributed to the changes in local protein environment [16,67–69].
The LS state of NHFe was also observed in spinach PSII under action of
KCN [70,71].
These intriguing problems prompted us to investigate in detail the
properties of NHFe in RCs from two different species of purple
photosynthetic bacteria, Rhodobacter (Rba.) sphaeroides and Rhodos-
pirillum (Rsp.) rubrum. In order to compare the valence and spin states
as well as dynamic properties of NHFe in these two RCs and tomonitor
the collective motions in the NHFe-binding sites we have applied
highly selective techniques, i.e. Mössbauer spectroscopy and the
nuclear inelastic absorption of synchrotron radiation (NIS), respec-
tively. In this context, the Mössbauer spectroscopy seems to be the
method of choice because it directly detects spin and valence states of
the probing nucleus (57Fe in our case), and via the hyperﬁne
parameters (i.e. isomer shift and quadrupole splitting) is sensitiveto the properties of its ﬁrst coordination sphere (type of ligands and
their arrangement). Furthermore, the knowledge of these parameters
enables to distinguish between the diamagnetic iron and antiferro-
magnetic couplings of iron which may also lead to production of the
S=0 ground state, whereas the widely used EPR method is restricted
to paramagnetic species and rather indirectly informs about the low
spin state of ferrous NHFe.
Earlier Mössabuer studies on Rsp. rubrum showed only a very low
contribution of the HS ferrous NHFe in chromatophores from this
bacterium [46]. This observation together with the results of EPR
investigations on whole Rsp. rubrum cells can be interpreted as a
signature for the presence of signiﬁcant content of LS NHFe because
otherwise it would not be possible to observe the EPR signal with a
g-value of 2.0050±0.0003, which is characteristic for a semiquinone
bound molecule, i.e. semiquinone form of QA [72]. In the present
work we show that in the chromatophores as well as in RCs isolated
from Rsp. rubrum NHFe exists mainly in the LS state whereas in those
from Rba. sphaeroides an almost equal contribution of its HS and LS
state is seen. The temperature dependent Mössabuer measuremets
show that the two spin states of ferrous NHFe are characterized by
different Debye temperatures. Furthermore, the density of the iron
vibration states assessed in the NIS experiments reveal damping of
the NHFe low energy vibrations coming from the collective motions
of the surrounding protein matrix in Rsp. rubrum.2. Materials and methods
2.1. Chromatophore preparation and isolation of reaction centers
The wild type Rba. sphaeroides 2.4.1 and Rsp. rubrum S1 bacteria
were grown under anaerobic conditions in the white light at 27 °C in
a modiﬁed Hutner medium [73] supplemented with 57Fe. The cells
were harvested by centrifugation (6000g, 20 min). The chromato-
phores were prepared by disrupting the cells using the French press,
followed by a low-speed centrifugation (30 min, 18,000g) and
ultracentrifugation (90 min, 70,000g). The chromatophores were
incubated for 30–60 min at room temperature in 0.02 M TRIS–HCl
buffer (pH 7.8) containing 0.23% LDAO [74]. The detergent
concentration was brought to 0.1% and the suspension was
centrifuged at low speed and then pelleted at 105,000g. All steps
of chromatophore preparation and detergent treatment were done
in the presence of sodium ascorbate (i.e. under slightly reductive
conditions) and under dim light to avoid sample degradation. The
RC-containing supernatant was subjected to a two-step fraction-
ation in ammonium sulfate. The RC precipitate was collected by
centrifugation and dialyzed overnight. The ﬁnal puriﬁcation step
was done by ion-exchange chromatography on DEAE-Cellulose
(DE52 Whatman). The RC fraction, eluted with 0.125–0.150 M
NaCl in 0.02 M TRIS–HCl buffer/0.08% LDAO, was dialyzed overnight
and stored at -80 °C.
The enrichment of the samples in 57Fe was 30-50% as estimated by
the use of atomic absorption and Mössbauer spectroscopies. The
atomic absorption measurements were performed using a ICP-MS
ELAN 6100 spectrometer (Perkin Elmer).2.2. Mössbauer spectroscopy
Mössbauer 57Fe spectra were recorded in a home made cryostat
using 50 mCi Co/Rh as a source of 14.4 keV γ radiation and a
proportional counter to detect the radiation. Te temperature of
samples varied from 83 K to 270 K. The temperature stabilization was
within 0.1 K. The isomer shifts are given vs. metallic Fe at room
temperature. The recorded spectra were ﬁtted using a Recoil program
[75].
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The nuclear inelastic scattering of synchrotron radiation experi-
ment was performed at the Nuclear Resonance beamline ID 18 at the
European Synchrotron Radiation Facility in Grenoble, France. The
storage ring was run in hybrid mode, providing 24 groups of
8 radiation pulses every 88 ns. The energy of X-rays was mono-
chromatized to an energy width of 0.5 meV. The energy radiation was
tuned around a transition energy of 57Fe (14.412 keV) within a range
from −40 meV to 100 meV for a temperature of 60 K and from
-80 meV to 100 meV for a temperature of 240 K. The ﬂux on the
sample was about 0.6×1010 photons/s within a band width of
1.1 meV [76]. The intensity of nuclear absorption was measured by
counting the delayed 6.4 keV K-line of Fe ﬂuorescence using a large
area fast avalanche photodiode. More details on the experimental
method and setup are described elsewhere [76,77]. Statistically
meaningful spectra of iron vibration modes in RCs were obtained
after 10–12 h of data collection, depending on the 57Fe iron
concentration in the samples.
3. Results and discussion
3.1. Intactness of reaction centers
In order to perform the physical measurements large amounts of
pure and functional (Fe-substituted) RCs had to be prepared.
Therefore, it was crucial to conﬁrm the nativity and purity of the
isolated complexes at several levels. The purity of the preparations
was analyzed chromatographically by SDS-PAGE, which showed the
RC subunits as the main fractions and a weak band corresponding to a
low molecular mass polypeptide (~14 kDa, see Fig. S1 in the
Supplementary Information), probably a residual cytochrome (Cyt)
c2, in line with the results of the Mössbauer experiment (see below).
Also the absorption spectra of the isolated RC fractions show a good
protein-to-BChla ratio (Fig. S2). The nativity of the RCs was conﬁrmed
by their photochemical activity under strong illumination (reversible
photobleaching of the P860 band, not shown). Furthermore, to
conﬁrm that the observations made on the isolated complexes are
not due to e.g. the isolation procedure, the Mössbauer spectra of
untreated photosynthetic membranes (chromatophores) from both
species were also recorded and gave similar results (Fig. 1). The
spectrum obtained for Rsp. rubrum chromatophores closely resembles
that one reported earlier by Parak et al. [46]. Additionally, in the low-
temperature experiments no cryo-protectants were used. A fast
freezing of the RCs in liquid nitrogen to 78 K and then a slowwarming
up to the room temperature did not cause any loss in their activity, as
checked by photobleaching experiments (not shown).
3.2. Mössbauer spectroscopy
The valence and spin state of NHFe in the two RCswere studied by
Mössbauer spectroscopy. Temperature dependent measurements
were preformed in order to obtain information on how the dynamic
properties of the Fe binding sites are determined by the ﬂexibility of
the protein matrix. The typical Mössbauer spectra of the RCs and the
temperature dependence of the hyperﬁne parameters ﬁtted to the
experimental data are shown in Fig. 1. The values of isomer shifts and
quadrupole splittings of the subspectra easily enable one to
distinguish between various forms of Fe present in the analyzed
samples of RCs: i.e. NHFe in the QA–Fe–QB complex and HFe in
residual Cyt c2. Moreover, the width of the absorption lines equal to
0.25±0.03 mm/s shows that the Fe binding sites are very homog-
enous. Thus, there are two different HFe states in Rba. sphaeroides
(Fig. 1A and C) and one in Rsp. rubrum (Fig. 1B and D) which both can
be assigned to low spin (LS) ferrous states in Cyt c [41,43]. The
hyperﬁne parameters of the component with a quadrupole splittingof about 2.0 mm/s, similar to those observed for the HFe in
oxyhemoglobin [4], suggest that this iron might be ligated by oxygen
molecule, O2. However, very similar hyperﬁne parameters were also
observed for the oxidized form of Cyt. c2 [59]. To minimize Cyt c2
oxidation, all steps of RC preparation were carried out under slightly
reductive conditions.
Intriguingly, NHFe in the QA–Fe–QB complex exists both in a high
and a low spin ferrous state (Fig. 1). The LS state dominates in the
Mössbauer spectra of RC from Rsp. rubrum whereas both spin states
contribute almost equally to the spectra of RC from Rba. sphaeroides.
The same LS and HS states of NHFe are present in the Mössbauer
spectra of untreated chromatophores from both species (not shown).
The interactions described by hyperﬁne parameters of Fe spin
states are sensitive to several factors, including the number and type
of iron ligands, and in particular the strength of the ligand ﬁeld
modifying the length of Fe–ligand bonds. The LS state of Fe is formed
in the strong ﬁeld, shortening the bonds as compared to the HS state
formed in the weak ﬁeld. Usually, the hyperﬁne parameters of LS
states are not temperature dependent whereas those of HS decrease
with increasing temperature, an isomer shift due to a second order
Doppler effect. However, the changes observed in the latter case are
larger than expected, suggesting a strong inﬂuence of the protein
matrix on the Fe binding site.
The temperature dependencies of the recoilless fraction of the
Mössbauer spectra are presented in Fig. 2. The mean square
displacements of Fe atoms at different binding sites, bx2N, were
calculated from the Lamb-Mössbauer factor f=S exp(−k2 bx2N),
where k is a wave number equal to 1/0.137 Å−1 for the Mössbauer
transition of 14.4 keV in 57Fe, and S is a proportionality factor. The
bx2N value was normalized by extrapolation to 0 at a temperature of
0 K, according to the classical approach (the quantum mechanical
zero point vibrations are neglected).
The mean square displacement is reproduced by the Debye model
only at temperatures below 180 K. At higher temperatures, slower
collective motions which originate from the protein matrix begin to
dominate over fast vibrational motions [59,78] and therefore
anharmonic corrections to the Debye model have to be applied. As
a ﬁrst approximation, a linearization of the Debye temperature θD=
θD0(1+AT+…) was made, where θD0 is the Debye temperature
from a low temperature approximation, A is a parameter of the
effective Debye temperature variation and T is the absolute
temperature [41,79]. The ﬁtted parameters are listed in Table 1.
The values of θD0 and A, estimated for the two Fe states in the two
RCs, are similar within a margin of error and agree well with the
corresponding values obtained earlier for the HFe in Cyt b559
(θD0=182±5) and the LS state of the NHFe (θD0=194±6) in the
algae mutant PSI− [41].
The values of Debye temperatures estimated for NHFe in the HS
and LS states reveal a correlation of the presence of these spin states of
NHFe in RC with the rigidity of the bonds formed to its ﬁrst
coordination sphere. They also indicate that the binding site of the
LS HFe in Cyt c2 is less rigid than the one of the NHFe in the LS state.
Interestingly, the HFe, most probably ligated bymolecular oxygen, has
a Debye temperature close to the one estimated for the LS NHFe but
becomes more ﬂexible at temperatures N250 K, seemingly because of
the absence of the sixth ligand provided by protein matrix.
As mentioned, in intact RCs the changes of NHFe valency are not
observed and therefore its direct participation in the electron ﬂow
between QA and QB can most likely be excluded [80]. The NHFe in
photosynthetic RCs seems to exist only in a HS ferrous state [7,10–
12,14,35,40,42,45,46,81,82]. However, the Mössbauer spectra of
isolated RCs (and chromatophores) obtained in this study show a
distinct population of the NHFe in the LS state. This diamagnetic state
of NHFe has already been observed in the type II RC, in particular in
BBY PSII from algae PSI- mutant [41,62]. As the EPR signal of the
primary quinone acceptor is modiﬁed in Fe-depleted RCs [44,83–86],
Fig. 1. Mössbauer spectra of chromatophores (A and B) measured at T=200 K and reaction centers (C and D) from Rba. sphaeroides and Rsp. rubrum, respectively, measured at
T=83 K. In panels E and F, the corresponding temperature dependence of the ﬁtted hyperﬁne parameters is shown. Abbreviations as in the text. Symbols: ﬁlled squares—
experimental data; solid lines—theoretical ﬁts, black line—sum of the subspectra. Each color is ascribed to a subsequent component: green—NHFe h.s., blue—NHFe l.s., red—reduced
HFe from Cyt. c2, magenta—HFe from Cyt. c2+O2 (or its oxidized form).
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NHFe, which points to its structural role [11,41,46,49]. This notion
though requires more experimental evidence.
As discussed above, NHFe in the RC from Rsp. rubrum is mainly in
the LS state. At the same time, charge recombination between QA/QB
and P860 (QA• −→P860•+ and QB•−→P860•+) in this RC is markedly
slower (τ AP=121±4 ms and τBP=942±360 ms) than in the one
from Rba. sphaeroides (τ AP=23.9±1.2 ms and τ BP=767±39 ms),
in agreementwith earlier measurements [14,35,57]. If the equilibrium
between the states QA•−QB and QAQB•− is reached fast compared to the
recombination rate from P+QA•−(QB•−) to the ground state (kAP and kBP,
respectively), one can calculate the electron transfer equilibrium
constant between QA and QB, KAB, from these charge recombination
kinetics using the equation: KAB=kAP/kBP−1 [87–90]. Taking into
account the values of the charge recombination times obtained in our
measurements we estimated the KAB value to be about 31 for Rba.
sphaeroides and 8 for Rsp. rubrum RCs. Using these values, we could
calculate the free energy difference, ΔGAB, between the two electron-transfer active conformation states QA•−QB and QAQB•− from the
equation: ΔGAB=−kBTln KAB [90]. At pH 7.8 this difference is about
−53 meV in Rsp. rubrum and −88 meV in Rba. sphaeroides. A similar
ΔGAB value for RC from Rba. sphaeroideswas found previously [91,92]
while such a low value of−ΔGAB as the one estimated now for the
Rsp. rubrum RC was observed in Rba. sphaeroides at higher pH, pH 8.1
[89] . It shows that ΔGAB which determines ET efﬁciency within the
Fe–Q complex exhibits different pH dependence in these two RCs.
Thus, one may conclude that the protonation and deprotonation
events are different in Rsp. rubrum and Rba. sphaeroides. Both the
experimental data and theoretical calculations indicate that the
surrounding of the QB site is extremely responsive to proton binding
[52,55,59,93] and therefore differences in amino acid sequence, in
particular near this acceptor side of these RCs, have to be taken into
consideration.
As the crystallographic data show [1,6], ligands to NHFe in RC
form a distorted octahedron and thus they can be expected to
interact with varying strength with the metallic center. These
Fig. 2. The temperature dependence of the mean square displacements of the iron
atoms in the reactions centers from Rba. sphaeroides (A) and Rsp. rubrum (B).
Abbreviations as in the text.
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His190 on the L subunit, can be controlled by H-bonds between the
two residues and the quinones [6,8,32,35,52–59]. Therefore, proton-
ation/deprotonation at the QA and QB sites and at other residues
acting as ligands of the NHFe (e.g. Glu234 on the M subunit) may not
only inﬂuence the strength of ligation but also tune both the Fe redox
potential and stabilization energy of charge separation between
P860+and Q−A(Q−B) [94]. There are several reports on coupling ET
with formation or reorganization of hydrogen bonds on the acceptor
side of bacterial reaction centers that support this conclusion
[37,85,90,92,94–96]. These effects, being temperature dependent,
will be different for the two spin ferrous states of NHFe, especially at
temperatures higher than about 200 K, at which their distinct
dynamical properties are pronounced (Fig. 2, Table 1).
The presented above Mössbauer studies on the dynamics of NHFe
show that in the LS state it is much less sensitive to ﬂuctuations of the
protein matrix than in the HS state. This suggests that higher
efﬁciency of ET from QA to QB (lower ΔGAB) in Rba. sphaeroides is
due to an increased ﬂexibility of the NHFe binding site activated byTable 1
The Debye temperature at low temperature approximation θD0 and the A parameter describ
displacements of the iron atoms, bx2N, presented in Fig. 2. Abbreviations as in the text.
Parameters Non heme h.s. Non-heme l.s.
Rba. sphaeroides
θ0 [K] 168±18 207±12
A [1/K] −0.0028±0.0002 −0.0031±0.00
Rsp. rubrum
θ0 [K] 162±17 208±16
A [1/K] −0.0031±0.0001 −0.0032±0.00the fast conformational ﬂuctuation of the surrounding protein matrix.
It seems likely that spin states of NHFe are in part determined by the
hydrogen bonding pattern, which differs in these two RCs (see
below).
The results obtained from the inelastic scattering of the synchro-
tron radiation (see below) show different modes of collective motions
within the NHFe surrounding protein complex in these two RCs. These
modes strongly depend on the spin state of NHFe, supporting the
hypothesis on the involvement of NHFe in controlling the coupling
between the two quinones and in optimization of electron and proton
transfer in photosynthetic RCs.
3.3. Nuclear inelastic scattering of synchrotron radiation
Nuclear inelastic x-ray scattering experiments were performed in
order to test how different spin states of NHFe in RC inﬂuence its
elastic coupling to the protein matrix. The scattering data collected at
60 K are shown in Fig. 3.
The measured energy dependencies of nuclear absorption were
normalized using a procedure based on Lipkin's sum rule [97,98],
according to the formula:
∫
∞
−∞
WðEÞEdE = ER ð2Þ
where ER = ℏ
2k2
2mR
= 1:956meV is the recoil energy of the free 57Fe
nucleus, which is the energy lost as recoil and which can be found
from momentum conservation (k—the wave vector of the X-ray
quantum, mR—the mass of the resonant nucleus). The normalized
energy dependence W(E) corresponds to the probability density of
nuclear inelastic absorption, which can be expressed as a sum of the
elastic fraction of nuclear absorption proportional to the Lamb–
Mössbauer factor, fLM δ(E), and the following multiphonon terms
[76,98]:
WðEÞ = fLM δðEÞ + ∑
∞
n=1
SnðEÞ
 
ð3Þ
where Sn(E) is the inelastic absorption assisted by the creation or
annihilation of n phonons.
The single-phonon term is given by:
S1ðEÞ =
ERgðEÞ
Eð1−e EkBTÞ
ð4Þ
and the terms for n≥2 in a harmonic approximation are given by:
SnðEÞ =
1
n
∫
∞
−∞
S1ðE0ÞSn−1ðE−E0ÞdE0 ð5Þ
The function g(E) is a normalized partial vibrational density of
states, DOS, which assumes averaging over all crystallographic
directions (“partial”means that only vibrations of 57Fe atoms directly
contribute to g(E)). This vibrational DOS determines the mean squareing linear variation of θD0 with temperature obtained from the ﬁts of the mean square
Cytochrome c2 Cytochrome c2+ O2
198±17 201±16
01 −0.0032±0.0001 −0.0033±0.0001
190±14
01 −0.0032±0.0001
Fig. 3. Normalized spectra of nuclear inelastic absorption of synchrotron radiation in
the reaction centers from Rba. sphaeroides and Rsp. rubrum, measured at 60 K.
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contribution, the elastic part (the central peak) was subtracted from
the normalized spectrum (Fig. 3), as described in [99]. This procedure
also yields the absolute value of the fLM factor, and the uncertainty
introduced into the fLM factor was estimated not to exceed 0.1%.
The vibrational DOS derived from the experimental data for these
two RCs, observed at 60 K, show striking differences (Fig. 4A). For an
interpretation of the measured vibrational spectra it is essential that
both HFe (Cyt c) and NHFe (in the QA–Fe–QB complex) contribute to
the DOS. The HFe vibrational DOS determined in Cyt by using the
same method [5,100] shows a peak at 3.5 meV, a rather featureless
and silent energy region between 8 meV and 30 meV and then
pronounced peaks at around 45 meV. It is noteworthy that in the
present data, most of the spectral intensity is observed between
10 meV and 40 meV, in addition to the “heme-like” features at low
and high energies. A comparison of the spectral contributions of
different types of Fe to the Mössbauer spectra conﬁrms that the
vibrational modes of NHFe are very different from those in Cyt. As
discussed above, HFe, regardless of whether it is bound to protein or
not, contributes signiﬁcantly to the DOS spectrum only at energies
higher than 30 meV (in Cyt c even higher than 35 meV) [5,100]. InFig. 4. Density of vibrational states ρ(E) (A) and the density states normalized to their
corresponding energies ρ(E)/E (B) in the reaction centers from Rba. sphaeroides and
Rsp. rubrum, measured at 60 K.the case of Rba. sphaeroides, the DOS has a characteristic shape with
some pronounced and relatively sharp peaks (e.g., at 28±2 meV or
17±1 meV), while that for Rsp. rubrum is rather featureless. These
results reveal a clear correlation between the vibrational and spin
states of NHFe. The observed vibrational properties of Fe will be
discussed in detail elsewhere.
The differences in the DOS for the RCs from Rba. sphaeroides and
Rsp. rubrum can be better visualized in terms of g(E)/E (Fig. 4B). For
Rsp. rubrum, a drastic reduction in the spectral density at low energy is
accompanied by an enhancement of modes between 15 and 30 meV.
The reduction of the low energy modes means effectively a weaker
coupling between NHFe and the protein that correlates well with the
expected properties of the LS Fe, the one dominating in the RC from
Rsp. rubrum, as shown by the Mössbauer technique (see above). The
low frequency modes originate predominantly from protein vibra-
tions transferred to the resonant 57Fe bound in the Q-Fe complex
because only this atom is directly bound to the protein matrix. When
the force constants of the iron bonds are comparable to those for the
proteinmatrix, the protein vibrations are transferred effectively to the
binding site of NHFe in the HS state. Therefore, in the RC from Rba.
sphaeroides an enhancement of NHFe ﬂuctuation modes at low energy
is seen similarly to Fe–S clusters [101]. The DOS modes of HFe from
cytochromes show only a very low contribution in this energy range
of vibrational frequencies [5,101].
The Lamb–Mössbauer factor, fLM, which is sensitive to the
activation of collective motions estimated from the DOS proﬁles,
takes the following values: 0.80 for Rsp. rubrum and 0.74 for Rba.
sphaeroides at 60 K. This shows that the Fe binding site in the RC from
Rsp. rubrum is on the average more rigid, in line with the fact that
mainly a ferrous LS state (equivalent to a stronger ligand ﬁeld) was
detected in this complex.
There are many reports showing that the collective motions of the
protein matrix affect the rate of electron transfer between the
acceptor side and P860•+ [23,25,32–34,36,44,46,49,60,61,102,103].
The present results of the NIS experiments reveal that the collective
motions of the L and M polypeptides in RCs from these two strains of
purple photosynthetic bacteria are very different, as inferred from
differences in the mobility of NHFe. Moreover, they suggest that the
low energy part, coming from the slow collective motions, might be
relevant to the efﬁcient electron transfer between QA and QB in the
reaction centers of type II.
The protein collective motions differently affect the dynamic
properties of iron in the low and high spin state within the Fe–Q
complex. In the LS state (a strong ligand ﬁeld), the rigidity of the
NHFe binding site is higher, as evidenced by the high Debye
temperature (~208 K). In the HS state, when the ligand ﬁeld is
weaker (longer coordination bonds), the NHFe binding site
becomes more ﬂexible (Debye temperature ~165 K). These results,
together with the DOS obtained from NIS experiments, show that
NHFe in RC from Rsp. rubrum (predominantly the LS ferrous state)
is considerably less sensitive to the protein collective motions than
in the case of RC from Rba. Sphaeroides. In the latter RC, about 50%
of NHFe is in the HS ferrous state and the contribution of low
energetic vibrations in the DOS spectrum is larger. This observation
can be interpreted in terms of bond force constants. When the
average force constant of the NHFe–ligand bonds is comparable to
that of bonds linking these residues to the surrounding protein, the
dynamic behavior of NHFe (HS state) will be responsive to the
collective motions of the protein matrix. Conversely, when the force
constant of the coordination bonds to NHFe is higher (LS state) than
the force constant of its connectivity to the matrix, the transfer of
protein ﬂuctuations to the iron site is less efﬁcient. The strength of
Fe–matrix coupling can be modiﬁed (up and down) by a network
of hydrogen bonds in the vicinity of the Fe–Q complex as well as by
hydrogen bonds formed near the special pair, where the two core
proteins closely interact.
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According to the presented above analysis, the energy of ET
between the active conformation states QA·-QB and QAQB·- was found to
be about 1.7 times lower in the Rsp. rubrum than in the Rba.
sphaeroides RC under the same experimental conditions. This energy
is anti-correlated with pH (i.e. energy decreases when pH increases)
as it was shown for Rba. sphaeroides [89,91]. In view of that we suggest
that these two RCs differ in their hydrogen bond network around the
Fe–Q complex and it is likely that RC from Rsp. rubrum exhibits a lower
degree of protonation. The amino acid residues which form the QB
binding site seem to havemore polar character than those near QA, the
one which almost never undergoes protonation. Quinone QA makes
hydrogen bonds to HisM219, which is a ligand of NHFe, and to
HisM266 and ThrM222. Additionally, this site is stabilized by
interactions to LeuM214, PheM252 and TrpM252 [13,104]. Quinone
QB forms hydrogen bonds to the protein via its both carbonyl oxygens,
one to HisL190 (also a NHFe ligand), and a bifurcated hydrogen bond
to SerL223, and to GlyL225. Also PheL216 belongs to the QB binding
pocket [104] while AspL210, AspL213 and GluL212 constitute a
strongly coupled cluster of protonable residues in its close proximity
in Rba. sphaeroides [105]. Moreover, mutational studies showed that
AspL210 and AsnM17may function cooperatively as protonmediators
[106]. Many other residues on the L and M proteins were also pointed
out to be important for proton uptake pathways from the cytoplasm
to the close proximity of QB as for example IleM223, ArgM231,
GluM232, ArgM233, GluM236, LeuL195, ArgL207, IleL224, GlyL225,
ThrL226 as well as ProL209 and ArgM13 [13,58,107,108]. It is
evident that many amino acids participate in the hydrogen bond
network around the Fe–Q complex and most of them are conserved
in the bacterial RCs. There are, however, some differences between
the RCs from Rba. sphaeroides and Rsp. rubrum which could affect
the hydrogen bond network. For instance, the residues AspL213
and AsnM44 present in Rba. sphaeroides are in the other bacte-
rium replaced by Asn and Asp, respectively. Interestingly, the
AspL213→Asn mutation caused drops in the rates of both of the
ET fromQA•−QB toQAQB•−andof the protonation of QB (QA•− QB•−+
2H+ → QA QBH2) by a factor of 102 and 104 at pH 8.0, respec-
tively, in comparison to the wild type, whereas a double mutation,
AspL213→Asn and AsnM44→Asp, resulted in the near-native rates
of these processes [109]. A detailed comparison of the known
sequences of the core proteins of the two complexes [13,110] shows
differences (major ones near QB: GluL201→Gly, Lys204→Glu,
GluL205→Val, ThrL208→Gly, ArgL217→Gln or AspM17→His,
and near QA: PheM214→Ser, GlyM262→Ser and IleM268→Trp)
that clearly affect the polarity, charge distribution and ability of
hydrogen bond formation and can be responsible for the preferen-
tial stabilization of NHFe in the LS state in Rsp. rubrum. Nevertheless,
even an exchange of amino acids having very similar properties but
different sizes may already lead to rearrangement of hydrogen bonds
due to modiﬁcation of the orientation and packing of the neighboring
residues. For example, the following differences between the two RCs:
ArgL207→ Lys, AspL210→Glu, IleL224→Val, ValL220→ Ile,
LeuL232→Val, ProM15→Ala, AlaM16→Pro, GlnM230→Asp or
LeuM233→Val can signiﬁcantly affect interactions between residues
which participate in hydrogen bonding. For a more precise comparison
of these RCs one should also take into consideration the amino acid
sequences of the H-subunits [69].
4. Conclusions
The results of the Mössbauer and NIS experiments aimed to reveal
the valence and spin state of NHFe as well as the dynamic properties
of its binding site in RCs from Rba. sphaeroides and Rsp. rubrum allow
us to propound that the spin state of NHFe reﬂects a degree of
coupling between the QA and QB electron acceptors and hydrogenbond network, which may affect the protonation processes near the
QB binding site. These experiments provide the ﬁrst direct evidence
that the collective motions of protein matrix are differently
transferred onto the Fe–quinone complex, depending on the spin
state of the iron center. NHFe in the high spin state, due to its higher
sensitivity to collective motions of protein matrix, stimulates the
temperature activated processes to a higher degree than NHFe in the
low spin state. This in turn affects the rates of electron transfer
between QA and QB as reﬂected in differences in the ΔGAB values
estimated for the QA•−QB and QAQB•− states in these two bacterial
RCs. The contribution of hydrogen bond network to stabilization of the
NHFe spin state ﬁnds also support in the analysis of distribution of
amino acid residues which surround the Fe–quinone complex. These
results point to the involvement of NHFe in the optimization of
electron and proton transfer in photosynthetic RCs on the acceptor
side.
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